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Percolative aspects of nonequilibrium adlayer structure
Abstract
For any adsorption process where all binding sites eventually fill, there exists a coverage θc at which a filled
cluster (defined by linking neighboring filled sites) first spans the substrate. Such percolation features have
been studied extensively for random distributions of filled sites. Here θc =0.59 monolayers for ‘‘p(1×1)
ordering’’ on an infinite square lattice. Cooperative island‐forming adsorption involves competition between
nucleation, growth, and coalescence or linkage of individual islands. Here clusters of linked islands eventually
span the substrate. We use correlated percolation theory to provide a quantitative description of
corresponding θc behavior, and of the fractal structure of the clusters of linked islands and their perimeters.
Modified grain growth models, which correspond to continuum percolation problems, are also useful here.
We show how percolation theoretic ideas can be extended to analyze nonpercolating c(2×2) ordering. Even
for the essentially random adsorption mechanisms of H2O on Fe(001), and oxygen on Pd(100), such
nonequilibrium c(2×2) ordering is significant. We also discuss how island‐forming cooperativity here affects
the c(2×2) ordering.
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For any adsorption process where all binding sites eventually fill, there exists a coverage (Jc at 
which a filled cluster (defined by linking neighboring filled sites) first spans the substrate. Such 
percolation features have been studied extensively for random distributions offilled sites. Here (Jc 
= 0.59 monolayers for "p( 1X1) ordering" on an infinite square lattice. Cooperative island-
forming adsorption involves competition between nucleation, growth, and coalescence or linkage 
of individual islands. Here clusters of linked islands eventually span the substrate. We use 
correlated percolation theory to provide a quantitative description of corresponding (}c behavior, 
and of the fractal structure of the clusters of linked islands and their perimeters. Modified grain 
growth models, which correspond to continuum percolation problems, are also useful here. We 
show how percolation theoretic ideas can be extended to analyze nonpercolating c( 2 X 2) 
ordering. Even for the essentially random adsorption mechanisms of H 20 on Fe(OOl), and 
oxygen on Pd( 100), such nonequilibrium c(2X2) ordering is significant. We also discuss how 
island-forming cooperativity here affects the c( 2 X 2) ordering. 
I. INTRODUCTION 
Island-forming chemisorption is observed in many systems, 
often proceeding via a physisorbed precursor state. 1 For 
commensurate adlayers, filled sites constituting islands may 
either be contiguous [e.g., p( IX I)] or have superlattice 
spacing [e.g., c( 2 X 2)], in which case one of several phases 
is assigned. Sometimes adlayer equilibration is impeded due 
to low surface mobility, and the nonequilibrium adlayer 
structure is kinetically determined. 1 In any case, these pro-
cesses involve competition between nucleation, growth, and 
coalescence of islands. At low coverages() typically one finds 
separated islands with fairly regular structure. 2 At higher (}, 
individual islands begin to impinge. If they are contiguous or 
of like phase they coalesce; otherwise a domain boundary 
forms between them. Here we characterize the ramified 
structure of such clusters of coalesced islands, and of the 
associated perimeters or domain boundaries. For contiguous 
islands, we are also interested in the percolation threshold 
where a cluster first appears spanning the substrate lattice. 
Such analysis of island or domain structure is clearly basic 
to characterizing the adlayer geometry. Often surface scat-
tering techniques are used to determine a characteristic size, 
but adequate interpretation of this size measure is lacking. 
Domain structure is also thought to affect the nature of the 
approach to equilibrium, 3 and perhaps the nature of adlayer 
phase transitions. 4 Domain size and shape evolution un-
doubtedly influence the dynamics of adsorbate-induced re-
construction.~ The kinetics of reactions either during or sub-
sequent to adsorption is also influenced by island structure,6 
as are the kinetics of nonequilibrium desorption processes. 7·8 
Note that there is some flexibility in the choice of connecti-
vity rule defining individual islands or domains. Any reason-
able choice can he used to characterize adlayer geometry 
(our focus here), but care must be taken to make an appro-
priate choice when relating geometric to other (e.g., equili-
bration or thermal critical) properties.9 
Each class of adsorption models considered here shall be 
conveniently parametrized by the ratio a ofa suitably chosen 
island growth rate (for adspecies addition at island peri-
meters) to the (continuous) nucleation rate. Clearly as a 
increases, at fixed (), so does the characteristic or correlation 
length s0 For low 0, s0 gives a measure of the linear size of 
separated regular islands of s0 = O(s ~) adspecies. Struc-
ture for lengths O(s0 ) and shorter is strongly model depen-
dent, but the structure of domains and their perimeters or 
boundaries for lengths many times So will exhibit more uni-
versal percolative structure. 
In Sec. II we consider the percolative characteristics of 
models for contiguous p( IX I) island evolution on a square 
lattice via finite size scaling techniques, 10 and analyze perco-
lation threshold behavior. In Sec. III, we consider models 
describing two-phase c(2X2) island distributions on a 
square lattice, focusing on the saturation state where only 
domain boundaries separate domains of different phase. Al-
though c ( 2 X 2) percolation is not possible without long-
range order, 11 we show that domain structure is still natural-
ly described using percolation ideas. We conclude, in Sec. 
IV, by commenting on the general applicability of these 
ideas, and giving some results for defect nucleated island 
growth. 
II. p(1X1) ISLAND EVOLUTION ON A SQUARE 
LATTICE 
First we outline the basic notation and concepts of perco-
lation theory. We define islands or clusters as sets of filled 
sites connected by nearest-neighbor (NN) bonds, but a 
longer range connectivity rule could be invoked. Let (}c de-
note the a-dependent infinite lattice filled site percolation 
threshold. If a = 1 corresponds to random filling, the corre-
sponding (), equals 0.593. 12 Let the connectivity length s 
denote the average distance between two atoms in the same 
cluster, let n5 (R 5 ) denote the average number (radius of 
gyration) of clusters of s adspecies. Lets •• (sdom ) denote the 
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average (dominant) number of adspecies per cluster. From 
random percolation results, 12 one expects that near ()0 
s lso-IB-Bcl-v, 
Sav/so - JO - ()c 1- r, 
sdomlso - \B - BC 1- l/u' 
and 
s0 n,-(s/s0 )-j[(O-Oc)(s/s0 )"], ( 1) 
where the critical exponents Satisfy y = (3 - T)/CJ, 
2v = ( r - I )/CJ. Define an effective cluster dimension d, for 
lengths many times s0 , by sd0 m/s0 -Cs Isa )ii or R.Jso 
- (s/so) lid. Then d increases with 0 to (eJv) I at oc. 12 Uni-
versality ideas suggest that, unlike Oc, critical exponents will 
be a independent, i.e., assume their a = I random percola-
tion values. 
Note that the statistics of clusters offilled sites at coverage 
() and empty sites at 1 - (} are generally distinct. Thus, in 
general, the threshold for the disappearance percolating 
empty clusters 0 ;, does not equal I - O" One exception is 
a = 1. However, since ( noncrossing) filled and empty clus-
ters cannot simultaneously percolate on an infinite lattice for 
topological reasons, we conclude that (}; <; ()c. 
Expressions analogous to Eq. ( 1) might be developed to 
describe external perimeter or "island hull" structure. 13 
Universality considerations have received little attention, 
e.g., does the hull dimension at Oc, for lengths many times s0 , 
always equal the a = 1 value of 7 /4? In later work we will 
consider this question, and whether the hull can be described 
as a suitably correlated self-avoiding walk. Some quantities 
are clearly nonuniversal, e.g., the ratio t /s, where tis the 
number of empty sites NN to island (internal and external 
perimeter) sites and s is island size. As s-. oo, t Is should 
approach a nonzero limit 12 ofat least O(s 0- 1 ), depending on 
perimeter roughness. 
Below we analyze adsorption models where sites with i 
occupied NN fill irreversibly with rate k;. Thus k0 corre-
sponds to island nucleation, k 1 =ak0 to growth, and k 2 , k3 , 
and k4 to growth or coalescence. Clustering occurs for a > 1, 
but scaling of the characteristic length So with a, and the 
structure of individual growing islands depends on the 
choice of k; /k0 as functions of a. These models have been 
used to describe the growth of islands of low mobility che-
misorbed species from a mobile precursor. 14' 15 We now con-
sider two classes of rates: 
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FIG. 2. Filled ( 8,) and empty ( 8;) site percolation threshold dependence 
on a = e ·· 13• for irreversible filling with multiplicative rates (solid lines), 
and for an equilibrated lattice gas with attractive NN interactions E < 0 
(dashed lines) (Ref. 16). The dotted line indicates the coexistence region 
phase boundary for the latter. 
(a) Multiplicative rates: k1 a. a1 (Fig. I). For a~ 1, individ-
ual islands tend to be rectangular. They have narrow active 
or growing zones along horizontal/vertical edges, which ac-
celerate outwards at an average rate proportional to k 1 
X (edge length). When two islands meet they rapidly ex-
pand to form a larger rectangular island encompassing both. 
Here the characteristic length So scales like a 112 . 8 · 14• 1 ~ Fig-
ure 2 shows the dependence of (}c and 0; on a> l. Note that 
0, does not decrease monotonically with increasing cluster-
ing parameter a. These finite-size scaling calculations also 
indicate that the critical exponents retain their a = I ran-
dom percolation values for both filled and empty clusters. 
Thus the filled (empty) cluster effective dimension at 0, 
(();)equals its a= 1 value of 1.89. For this model we expect 
that lim,. oc t Is -O(a- 112 ), either for fixed 0, or at ()e-
lf we write a= e - f3<, where,B = (kT)-' for surface tem-
perature T, then this rate choice has Arrhenius form corre-
sponding to activation energies of E 0 + )€ for filling sites 
with) occupied NN. Thus, in Fig. 2, we were motivated to 
compare Oc results for this model with those for the equilibri-
um lattice gas on a square lattice with NN attractive interac-
tions€< 0, and temperature T. The equilibrium model is also 
in the random percolation universality class above the criti-
FIG. I. Filling with multiplicative rates 
and a = 19: typical adlayer states for 
e = 0.3, 0.6 (near e,), and 0.8. 
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cal temperature, corresponding to ac = 3 + 2,/2, but here 
one finds that () ;. = 1 - ()c. 16 
(ii) Eden rates: k1 =ak 0 for J> I (Fig. 3). Here individual 
islands are Eden clusters 17 with nearly circular large size 
shape, and radius R expanding at an average rate of k 1 lattice 
vectors per unit time. Weak, large-size shape anisotropy re-
flects lattice symmetry. Their active or growing zone width 
scales like RP with p between 0.32 and 0.5. Direct estimates 
suggest that t - 0( R8 ) with O'\. I (Ref. 18) [cf. 
R w = 0( R 1 ' P) ) . The characteristic lengths 0 in this model 
scales like a 113 , for large a, as does the average radius for 
separated islands at low e. 14• 15 There are fluctuations at is-
land perimeters on a shorter length scale O(s ~). 
Figure 4 shows the dependence of ()'" and (); on a> 1. 
These curves extend smoothly for a < I. Our finite-size scal-
ing calculations again indicate that the critical exponents 
retain their a= I values for both filled and empty clusters, 
so the filled (empty) cluster effective dimension at ()c ( B;) 
again equals 1.89. For this model we expect that 
lim t/s-O(a- (2 -.s113 ), 
either for fixed(}, or at ()c. 
The large a structure for this model on a length scale So 
= 0(a 1n) is most conveniently characterized via contin-
uum Johnson-Mehl-type grain growth models 19 : grains nu-
cleate at a constant rate at empty points in the plane, grains 
have the appropriate nearly circular shape and expand at a 
constant rate, and overlapping grains are regarded as a single 
cluster. This picture, which ignores fluctuations in growth at 
perimeters, enables one to clearly see how a ramified cluster 
structure develops for higher () for lengths >So as many 
grains overlap. We expect that as a~ oo, ()c values slowly 
approach the critical area fraction for this new continuum 
percolation problem from below, since fuzzy edges and gen-
eral irregularity of islands should enhance percolation. 
From Fig. 3, clearly a = 400 is far from the limit, as is our 
largest a = 49 calculation in Fig. 4. 
Ill. NONEQUILIBRIUM c(2X2) ORDERING ON A 
SQUARE LATTICE 
Each c ( 2 x 2) domain is restricted to one of the two 
,fix ,fi R 45° square sublattices constituting the square lat-
tice of adsorption sites. Those on the same (different) sub-
lattices are in phase (out of phase) and coalesce (form a 
domain boundary) on meeting. Here we define individual 
c ( 2 X 2) domains, analogous to Sec. II, as sets of filled sites 
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FIG. 4. Filled ( (),) and empty ( ();) site percolation threshold dependence 
on a for irreversible filling with Eden rates. 
connected by second, i.e., next-nearest-neighbor ( 2NN) 
bonds. Longer range connectivity, requiring either 2NN or 
third-NN bond connections, could be invoked and corre-
sponds to correlated AB percolation. 20 In the absence of 
long-range order, (noncrossing) c(2X2) domains cannot 
percolate for reasons of topology and symmetry. 11 However, 
we show that the saturation state, where no empty sites with 
all NN empty remain, may be "close to" percolating. In this 
case the domain structure still has percolative characteris-
tics, e.g., for lengths much larger than 50 , domains have an 
effective dimension below 1.89 (percolation threshold val-
ue) and perhaps above the value for appropriately correlated 
animals 11 (the random animal value is l. 56). Domain boun-
daries may also have fractal characteristics analogous to is-
land hulls in Sec. II. 
Below we consider adsorption models where filling of 
empty sites is bl~cked by occupied NN sites, but occurs irr,._e-
versibly at rate k1 for sites with j ?Ccup~ed 2NN. Thus k0 
corresponds to island nucleation, k 1 =.ak0 to growth, and 
k2 , k 3 , and k4 to growt~ or coalescence (cf. Sec. II). A 
multiplicative rate choice k1 a: a1 tends to produce diamond 
shaped islands and diagonal domain boundaries with s0 
scaling like a 112 for large a. 15 Here we focus on the Eden 
. ' ' . h f; 1 l'k I/\ 1'Th choicek1 =ak0 fort>lw ere!> 0 scaes 1 ea·. - ecase 
a= 1 of random filling with NN blocking is of particular 
interest as a model for metastable c( 2 X 2) O/Fe ( 001) or-
dering produced by H 20 adsorption. 21 Here, for the satura-
FIG. 3. Filling with Eden rates and 
a = 400: typical adlayer states for 
() = 0.25, 0.5 (near 0, ), and 0.75. 
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ti on state, we find() = 0.364, s.v ::::: 165, 5::::: 30, and d::::: I. 7. If 
tis the number of empty sites 2NN to sites in an island of size 
s, then t /s--+0.83, ass-+ oo. We have previously described the 
a~ l regime by a two-state Johnson-Mehl-type model: here 
the grains are randomly assigned one of two phases; grains of 
like (opposite) phase merge (form a domain boundary) on 
meeting. 15 
One can extend these physical models so that the satura-
tion state incorporates a percolation transition by allowing 
different filling rates k 1 ± for different phases ± . 11 We ei-
ther (A) bias all rates so k / = ( l ± D4 )k; for all i, or (B) 
bias only nucleation rates so k r! = ( l ± D 8 ) k0 , but k / 
= k1 for J> l. Let()± denote partial saturation coverages for 
these phases so()= () + + (} - , and set p ± = (} ± /(}. Finite-
size scaling calculations produce the following results. 
For random.filling with NN blocking (a= l) percolation 
occurs when DA = 0.16 ( p; = 0.64) or OB = 0.22 ( p 8+ 
= 0.64), and critical exponents equal their random percola-
tion values. For Eden rates with a--+ oo and biasing only nu-
cleation rates, one has that 
1 +oB:t-oB =p+:p- =p*:t-p•, 
where p* is the threshold for site percolation on the random 
lattice associated with corresponding Johnson-Mehl-type 
grain patterns: grains become sites; if grains share a side, 
corresponding sites are joined by a bond. 15 Since, after re-
moving "lenses" 19 which do not effect connectivity, the aver-
age coordination number of this random lattice equals 6 
(Euler's relation), p* should be only slightly above or per-
haps equal to!· Thus the corresponding physical oB = 0 sat-
uration state is either very close to percolation with very 
large 5 I 5 0 , or at the percolation threshold with infinite 5 I 5 0 
(see Fig. 3 of Ref. 15). Our calculations suggest the latter. 
For a= 100, we find that OB = 0.04 ( pft = 0.52) and the 
critical exponents equal their random percolation values, so 
the effective domain dimension must be very close to l.89. A 
future communication will provide a more detailed analysis 
of these models. 22 
IV. SUMMARY AND EXTENSIONS 
We have analyzed p( IX 1) island evolution for various 
irreversible cooperative filling models and shown that the 
adlayer always exhibits percolative structure, on sufficiently 
long length scales, in the random percolation universality 
class. We extended our analysis to c( 2 X 2) distributions in-
cluding a model for O/Fe(OOl) using ideas developed pre-
viously to analyze metastable O/Pd ( I 00) adlayers. 11 ·23 
These features undoubtedly extend to broader classes of ad-
layer distributions, i.e., beyond those associated with the 
low-mobility adsorption models analyzed here. To con-
clude, we comment on defect (rather than continuously) 
nucleated island growth. For growth of p( l X l) Eden clus-
ters about randomly distributed defects of density p, one ex-
J. Vac. Sci. Technol. A, Vol. 6, No. 3, May/Jun 1988 
pects that (Jc -0.67 in the p-...0 continuum limit (cf. Ref. 
24). For growth ofc(2 X 2) Eden clusters, biasing the phase 
of defects produces a percolation transition. In the contin-
uum limit of vanishing defect density, the physical case of no 
bias probably corresponds to the percolation threshold (cf. 
Ref. 25). These transitions also have random percolation 
critical exponents. 
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